A novel Composite Modified Double Base (CMDB) propellant, formed by mechanically mixing aluminium/polytetrafluorethylene (Al/PTFE) powders, was prepared through a rolling process. A variety of tests, such as tensile properties, particle size analysis etc., were carried out to study the influence of PTFE on the CMDB propellant properties. The PTFE deformed from particles to fibres under a uniform shear force, forming a fibre network which greatly improved the propellant's mechanical properties. Compared to that of the CMDB propellant without PTFE, the elongation of the propellant containing 6% PTFE was increased by 26 times, and moreover, the impact strength was enhanced by 326% at −40 °C. Significantly, the propellant friction and impact sensitivities were reduced by 75.8% and 35.6%, respectively. In addition, the presence of PTFE in the propellant resulted in fluorination of the Al. The gaseous combustion product AlF3 reduced the propellant combustion agglomeration. Consequently, PTFE significantly promoted the propellant's mechanical performance, decreased the shock (friction, impact) sensitivity and reduced combustion agglomeration.
processing method is not suitable for free standing rocket grains [1] . Coating is a common and useful method to stabilize sensitive nitramine oxiders [4, [15] [16] [17] [18] [19] . Suitable coating may not only desensitize the nitramine particles but may also contribute to the mechanical performance of the propellant [4] . However, the energy density may be decreased due to the introduction of a non-energetic cell. Although in some cases an energetic component such as NC [4] has been used as a coating layer, the complex process may increase the cost and the scale-up processes need to be explored further [20] . Thus, a facile strategy which could improve a CMDB propellant's comprehensive performance, including excellent safety, high energy density, especially low temperature mechanical properties, is still desirable, though many meaningful attempts have been made.
Polytetrafluoroethylene (PTFE) has been utilized to reinforce the mechanical performance of fluororubbers and silicon rubbers since the middle of the last century [21] , by the deformation of PTFE from particles to fibres under a uniform shear force. Therefore, the potential application of PTFE in propellants and pyrotechnics has been proposed, based on its notable reinforcing effect. In addition, Al/PTFE composites have attracted much attention due to the altered ignition and reaction characteristics [22] [23] [24] [25] , and the remarkable theoretical reaction enthalpy of up to 21 GJ/m 3 [26, 27] . Studies [22] [23] [24] [25] have shown that gaseous AlF 3 production in a propellant flame could facilitate oxidation of Al and reduce the two-phase flow losses in rocket motors. These possibilities may potentially increase a propellant's I sp [25, 28] . In the present work, PTFE stirred with Al was introduced into a CMDB system and a possible mechanism for the reinforcing effect of Al/PTFE on the propellant's mechanical performance, as well as its safety properties, are discussed. As a consequence, PTFE significantly enhanced the propellant's mechanical properties and decreased its shock sensitivity, while reducing combustion agglomeration. Thus, it promises that PTFE may expand the field of application of CMDB propellants.
Experimental

Materials
NC and NG were obtained from Shanxi Northern Xing An Chemical Industry Co. Ltd., China. The N content was 12 wt.%. PTFE (particles of 25 μm) was obtained from Ji'nan Jinhui Chemical Co. Ltd., China. Spherical Al of 3 μm was obtained from Changyuan Mingyu Aluminium Industry Co. Ltd., China. RDX of 72 μm (specified by supplier) was obtained from Gansu Yinguang Chemical Industry Group Co. Ltd., China. Table 2 lists the tensile properties of the propellants. The propellant tensile strength was reduced and the elongation remained unchanged with increasing PTFE content in the region of low PTFE concentrations (below 2%), and then both tensile strength and elongation were increased with further increases in PTFE content. Generally, the elongation of the CMDB propellants at −40°C was limited to 10% [1] . This may be reduced to 3% when a large amount of nitramine is incorporated in the formulation [4, 29, 30] . In the present work, elongation at maximum strength of blank CMDB propellant at −40 °C was only 0.88%. This is mainly caused by the high RDX concentration above 40% [1, 8] .
Results and Discussion
Tensile properties of the CMDB propellants
In addition, industrial grade RDX was used here, whose unregular shape is shown in Figure S1 (the S Figures are in SI), and may also lead to a reduction in tensile properties. However it was increased significantly for PTFE-CMDB propellants at −40 °C. Enhancement of the tensile strength was also obtained at 50 °C. For example, 6 wt.% PTFE (P-6) increased the elongation dramatically, up to 23.8% at −40 °C. This means that elongation of P-6 has increased by a factor of 26 and exceeded almost all CMDB propellants with a high solid content. Instead of being accompanied by loss of strength, as with XLDB propellant, the tensile strength for P-6 propellant was increased by 69% compared to propellant A. SEM was used to obtain an insight into the structure of the propellants, to help to understand the mechanism of this enhancement. The morphological characteristics of propellant A and a typical PTFE-CMDB propellant (P-5) cross section are shown in Figure 1 . It may be seen from Figure 1 that the cross section of frozen propellant A is flat and contains a large amount of RDX and Al particles. The snapped fracture surface at 20 °C was similar. The appearance of the SEM images of P-5 propellant is quite different. The cross sections of both frozen propellant P-5 and propellant snapped at room temperature consisted of an abundance of fine fibres, which were uneven. This morphological distinction indicates that PTFE can increase propellant toughness at low temperatures. It also means that PTFE can improve the critical defects of CMDB propellant. To verify that these fibres are PTFE, an EDS analysis was applied on the brake surface, as shown in Figure 2 . 
The fluorine map shows a linear distribution in accordance with fibres in the propellant breaking position. Thus, the fibres in the fracture surface of the PTFE-CMDB propellant are PTFE. It may also be inferred that PTFE evolves into fibres under the uniform shear forces in the preparation of the propellant.
The relationship between the tensile properties of the propellant and the PTFE content was drawn (see Figure S2 in SI) for clarity from the relationship between PTFE and the propellant's tensile properties. The tensile strength was reduced as the concentration of PTFE was increased in the region of low PTFE concentrations, below 2%. Then a minimum value for the tensile strength appeared followed by increasing tensile strength and elongation with increasing PTFE content. Studies [31, 32] have shown that nanofibres can form a network structure when their concentration reaches a critical value, and then results in enhanced mechanical performance. Thus, the reinforcement in our work on the PTFE-CMDB propellants may result from the formation of a PTFE fibre network [21, 33] .
To confirm the presence of a PTFE network, propellants P-1, P-2 and P-5 were dissolved in acetone for 5 h and then analyzed by SEM (see Figure S3 in SI). Propellant P-2 was chosen as resulting in minimum tensile strength. Propellant P-1 and P-5 are the ones with lower/higher PTFE content than that of propellant P-2. It is clear that few fibres can be found in the images of propellant P-1. For propellant P-2, however, PTFE fibres formed an elementary entanglement structure. A much tighter entanglement network appeared when the PTFE concentration reached 5 wt.%.
Based on the above information, some conclusions may be drawn: 1) PTFE evolved into fibres during the repeated shear process in the propellant preparation;
Copyright © 2018 Institute of Industrial Organic Chemistry, Poland 2) PTFE fibres formed an elementary network structure when its concentration reached 2 wt.%; 3) the entanglement of the PTFE network enhanced the propellant's low temperature mechanical properties. It is worth noting that the propellant tensile strength for propellant P-1 is lower than that of the blank propellant. This may be mainly caused by two factors. On the one hand, PTFE fibres did not form a network; on the other hand, interfacial adhesion between PTFE and the double base components is lower than that between the solid particles of the double base components, and thus it may weaken the propellant. In addition, it may be observed that enhancement of the propellant tensile properties is reduced with an increase in temperature. This may be caused by the elementary PTFE network. When the PTFE concentration was increased to 2 wt.%, the fibre network structure was elementary. However, elongation of this network is limited to some extent due to an insufficient fibre concentration. At −40 °C, the elongation of the double base matrix (with solid particles) in this paper was only 0.88%. In this range of deformation, the PTFE network did not break. Thus, it enhanced the propellant tensile strength. When the temperature was increased to 20 °C, however, the elongation of the matrix increased to 1.52%. This range might exceed the deformation limitation of the PTFE network, which means that the network might have been broken after the propellant had been deformed 1.52%. Thus, 2 wt.% PTFE may result in little enhancement in propellant tensile strength at 20 °C, while the small enhancement is eliminated by the increased interface for propellant P-2 compared to P-1. Thus, P-2 had a similar tensile strength to P-1. This network may barely result in enhancement at 50 °C, and thus, propellant P-2 was found to be weaker than P-1 at 50 °C. In addition, PTFE undergoes transitions at 19 °C and 30 °C [34] [35] [36] . The transition at 19 °C is considered important because it significantly affects the product's behaviour. Around 19 °C, a slight untwisting of the molecule occurs, from a 180° twist per 13 CF 2 groups to a 180° twist per 15 CF 2 groups. At the 30 °C transition, the hexagonal unit cell disappears and the rod-like hexagonal packing of the chains in the lateral direction is retained [35, 36] . Below 19 °C there is an almost perfect three-dimensional order; between 19 °C and 30 °C the chain segments are disordered; and above 30 °C, the preferred crystallographic direction is lost and the molecular segments oscillate around their long axes with a random angular orientation in the lattice [35, 36] . These transitions are accompanied with a break in the modulus of PTFE. Thus, transitions of PTFE may also contribute to the reduction in the enhancement of the propellant's mechanical performance with increasing temperature. Table 3 shows the impact strength of the CMDB propellants. The impact strength of propellant A was found to be only 2.31 MPa. This is mainly caused by the crystallinity of the adhesive molecule [37] . By contrast, the impact strength of the PTFE-CMDB propellants were greatly increased by the PTFE. For example, the impact strength for P-6 propellant had increased by 326%, from 2.31 MPa to 9.84 MPa at −40 °C. Furthermore, some specimens for propellant P-6 were not broken into two pieces at 20 °C and 50 °C. As with the tensile properties examination, this enhancement could also be attributed to the formation of a PTFE network structure. The reinforcement effect was enhanced with PTFE enrichment, with a more tight and tough network. It is worth noting that the impact strength of P-1 was even increased by 30.7% at −40 °C. This is contrary to the propellant tensile property test results. The increased enhancement effect may be mainly caused by the changed loading mode and the loading rate of stress. A double base propellant is a significant strain-rate-dependent material. It exhibits ductile behaviour at low strain rates while it exhibits impact brittleness at high strain rates. PTFE could improve the CMDB propellant brittleness as shown by the tensile property test results. Thus, it enhanced the propellant impact strength. During deformation, internal friction between the PTFE fibres and the double base matrix may occur, resulting in loss of impact energy. This frictional loss increases with increasing temperature due to larger deformation. Thus, unlike the tensile property test results, enhancement in impact strength at higher temperature occurred. The impact strength for propellant P-1 in which the PTFE fibres did not form a network structure was even increased for the same reason. 
Impact performance
Mechanical sensitivity
The propellant shock sensitivity test was conducted to measure the influence of PTFE on the propellant safety performance. The results are shown in Table 4 . Friction and impact sensitivity (H 50 ) for propellant A was found to be 66% and 21.5 cm, respectively. This means that propellant A is more sensitive to mechanical stimuli [1, 4, 8, 9] . Some factors may contribute to the increased sensitivity of the propellant in this work. First of all, NG was used as an energetic plasticizer in this work, and no other plasticizers, such as DEP or DBP, were incorporated in the composition. NG is much more sensitive than other plasticizers. In addition, industrial grade RDX, with irregularly shaped crystals, was used in this work. Studies have shown that RDX particles with smooth surfaces are less sensitive [38] [39] [40] . Thus, the CMDB propellant in this work is more sensitive than some others. Comparable results can be found in the literature in which the formula and materials are similar to those in this work [41] . The shock sensitivity for the PTFE-CMDB propellants, however, was significantly reduced. For example, incorporation 1 wt.% PTFE reduced the propellant friction sensitivity by 54.5%, from 66% to 30%, and the impact sensitivity by 24.4%, from 21.50 cm to 26.75 cm. The propellant sensitivity was reduced further with increasing PTFE content. The friction and impact sensitivity of propellant P-6 were reduced by 75.8% and 35.6%, respectively. Some of the clearer SEM images (shown in Figure S4 in SI) taken from the fracture surfaces of propellants A and P-5 are shown to clarify the mechanism of desensitization caused by PTFE. Many RDX particles can be found in the cross-section of propellant A, while only a few can be seen in the image of propellant P-5. Based on these observations, RDX particles may be preserved in the abundant PTFE fibres, similar to a coating. Coating has been proved to be a useful way of reducing sensitivity [4, 19, 20] . Thus, both impact and friction sensitivity were decreased for the PTFE-CMDB propellants. In addition, the enhancement of the mechanical performance changed the propellant's deformation behaviour, which relates to the dissipation of impact energy [42, 43] and ignition during the flow caused by impact [44, 45] . The brittle propellant A produced a jagged or cracked surface, which may lead to hot spot formation [44] . The PTFE network in the propellant, however, greatly enhanced the propellant's ductility. This enhancement delays the appearance of flaws. This changed deformation behaviour is also a key factor contributing to the propellant's insensitivity. Finally, PTFE additives can reduce the composite's friction coefficient [46] due to its lubricating action. Lubrication between particles could reduce energy absorption during viscoelastic/plastic deformation [47] . In this regard, the probability of hot spot formation can be further reduced. According to the factors mentioned above, friction and impact sensitivity are greatly reduced for PTFE-CMDB propellants.
Combustion characteristic
Studies [23, 25] have shown facilitation for aluminum ignition in activated Al/PTFE composites. This composite can reduce Al agglomeration in the propellant. To investigate whether mechanically stirred Al/PTFE could promote Al ignition, calorimetric analyses via an oxygen bomb were carried out (see Table S2 in SI) .
Surprisingly, the gravimetric reaction enthalpies of Al/PTFE were found to be very close to the estimated theoretical reaction enthalpy. This means that PTFE in stir-mixed Al/PTFE powders has reacted completely with the Al, and may be caused by the high reactivity of fluoride free radicals produced by the PTFE. Thus, stir-mixed Al/PTFE may facilitate Al ignition and reduce agglomeration in propellants. To investigate whether the shear-forced PTFE could influence the combustion of Al in CMDB propellants, slags were collected in a similar manner to Gaurav's work [28] and analyzed by SEM, EDS and Mastersizer. SEM images of the collected slags for propellant A and a typical PTFE-CMDB propellant (P-5) are shown in Figure 3 .
It is obvious that the residue from propellant A consists of spheres only. They are Al and Al 2 O 3 (verified by elemental mapping images and XRD analysis in Figures S5 and S6 , respectively, in SI). However the slag from propellant P-5 contains not only spheres but also lots of angular particles. This infers that the PTFE has reacted with Al in the CMDB propellant. Thus, agglomeration may be reduced by fluorination of Al. However, although an obvious distinction can be found in the morphology of the two residues, it is not easy to say which one is smaller in size. The particle size distributions were measured using a HELOS (H3185) instrument with alcohol as the medium, as shown in Figure 4 . Interestingly, the D 50 of the two collected products were the same although the size distributions were apparently different. To be specific, the density was slightly larger for propellant A, for particles <1 μm. Except for these smoke products, more particles of about 3.5 μm were present for the slag from propellant P-5. However, products of 9.2 μm occupy the largest proportion in slag from propellant A. The D 90 for slag from propellant P-5 exhibited a decrease of 37%, from 9.31 μm to 5.87 μm, compared to that from propellant A. This means that PTFE has reduced the percentage of large agglomerates, and may be caused by the consumption of aluminum and formation of gaseous AlF 3 when the Al melt-reacts with fluorine [24] . The agglomerate diameter had decreased by 66% for HTPB propellant with mechanically activated Al/PTFE in the work by Sippel et al. [25] . The relatively low effect of agglomeration reduction in the present work may be mainly caused by poor dispersion or combination between Al and PTFE. In addition, the collection method, Al size, Al concentration and adhesion system used here are different to those of Sippel et al., which may generate a different agglomeration trend and influence the reduction effect of PTFE. Nonetheless, in view of the observed results mentioned above, it could be inferred that mechanically mixed Al/PTFE powder decreased the large agglomerates, which usually result in two-phase flow loss. Thus, it can potentially improve the I sp performance.
To confirm the production of AlF 3 in the agglomerates, X-Ray diffraction (XRD) tests with Cu Kα radiation were carried out on the collected products
Conclusions
In summary, mechanically mixed Al/PTFE was introduced into a CMDB propellant, and resulted in improvements in the propellant's mechanical and safety performance. PTFE evolved into fibres through the rolling process, forming an entanglement network structure and finally reinforcing the CMDB propellant. It is especially significant that the propellant elongation and impact strength at low temperature were enhanced. Additionally, the abundance of PTFE fibres offered protection for the RDX particles, as with coating. This protection could buffer mechanical stimuli and decrease the possibility of shock induced ignition. The greatly enhanced ductility could reduce the jagged surface and cracks when subjected to impact. Thus, enhancement of the propellant's mechanical performance could also contribute to its insensitivity. The lubricating action of PTFE, which may reduce the energy absorbed during deformation could also reduce the probability of hot spot formation. Finally, PTFE in mechanically mixed Al/PTFE participated in Al fluorination and decreased the size of large agglomerates. This reduction, which may result in a decrease of two-phase flow loss as well as the gaseous AlF 3 combustion product in the flame from the CMDB propellant, may potentially improve the specific impulse performance. This work has shown that Al/PTFE inclusion can significantly enhance the mechanical and safety performance of a CMDB propellant and reduce propellant agglomeration.
Current and future efforts are focused on what and how Al/PTFE would influence the burning rate pressure dependence and combustion wave structure.
